Abstract Heterobi-and heterotrimetallic complexes [NiTl(acac) 2 (dmae)] 2 (1) and [Ba(acac)(OH 2 )Ni 2 (acac) 4 Tl-(dmae) 2 ] (2) (acac = acetylacetonate, dmae = N, N-dimethyl aminoethanolate) have been synthesized by simple reactions of Ni(II) acetylacetonate, Tl(I) acetylacetonate and dmaeH for (1) and Ni(II) acetylacetonate, Tl(I) acetylacetonate, Ba metal and dmaeH for (2) in toluene to obtain crystalline products that were characterized by physicochemical and spectroscopic methods. Single-crystal X-ray analysis of both complexes shows that they crystallize in a monoclinic crystal system with space group P2 1 /c. TGA studies of the complexes indicate that complex (1) is a suitable precursor for the preparation of composite NiO/Tl 2 O 3 , while complex (2) yields an unstable composite NiO/Tl 2 O 3 /BaO which on exposure to air is converted to NiO/Tl 2 O 3 /BaCO 3 by the absorption of atmospheric carbon dioxide.
Introduction
Recently, considerable attention has been focused on the synthesis of heterometallic complexes in which different metal centers are bonded through bridging donor atoms such as O, N and S. Such molecular complexes provide a direct route to the synthesis of multimetallic ceramic composites for high-tech industrial applications. For the synthesis of these complexes, the choice of proper ligands plays an important role. In this regard, several bi-and tridentate ligands such as amino alcohols, acetylacetone, acetate and fluoroacetate, have been used to form molecular species such as [CuCoZn 2 (Dea) 3 As far as thallium heterometallic chemistry is concerned, a few examples of its complexes with transition metals such as gold and titanium have been reported in the past [3] [4] [5] [6] . For example, an Au(I)-Tl(I) complex was prepared by the reaction of M[AuR 2 ] with a Tl(I) salt to yield [Au 2 Tl 2 R 4 ].(CH 3 ) 2 CO (where M = alkali metal or Bu 4 N; R = C 6 H 5 , C 6 Cl 5 ) [3, 4] , and a variety of double alkoxides with different stoichiometries of thallium and titanium have been reported [5] . The unusual properties of thallium complexes [7, 8] attributed to the relativistic disturbance of the 6 s 2 electrons, provided the background of our interest in the synthesis of its bimetallic complexes with nickel and its successful use as a template for a more complex extended trimetallic geometry. The introduction of barium (s-block) into the Ni/Tl framework of complex (1) is of particular interest in order to study the ''one-pot'' syntheses of these precursors. Here, we report the synthesis and X-ray characterization of the heterobi-and heterotrimetallic complexes [Ni(acac) 2 Tl(dmae)] 2 (1) 
The use of dmae with its terminal tertiary amino function reduces the risk of oligomerization via multiple oxo or hydroxy bridges and thus is able to stabilize relatively lowweight multinuclear molecular compounds that can be isolated and purified [9] [10] [11] . Both of these complexes are paramagnetic, stable under normal conditions, soluble in common hydrocarbon solvents and thus are potential candidates for the formation of composite ceramic materials in an open atmosphere [12, 13] .
The ORTEP drawings of the complexes are shown in Fig. 1 , and the crystal data and refinement parameters are tabulated in Table 1 . The structure of (1) ? cation. In (1), the octahedral [Ni(acac) 2 
(dmae)]
-anion acts as monodentate ligand toward both Tl-atoms via a l 2 -oxygen atom of its dmae ligand (Fig. 1) . In complex (2), the Tl ? is also coordinated by two dmae O-atoms from the two [Ni(acac) 2 
-anions. Toward the Ba(acac)(OH 2 ) ? unit, the complex nickel anions act as a tridentate ligand via two l 2 -O-atoms (one from each acac ligand) and the dmae l 3 -O that also coordinates to the Tl-atom as shown in Fig. 1 (Table 2 ).
The overall geometry of the [Ni(acac)(dmae)] -moiety remains comparable to that of the neutral Ni(acac) 2 (dmaeH) [14] molecule with only small variations in bond distances and angles around the central Ni atom. A comparison of data of both the complexes shows that the nickel to donor atom (N, O) bond lengths of the chelated N,Ndimethylaminoethanolato anion slightly decrease in all the Ni(acac) 2 (7) Thallium(I) coordination is based on a quite different type of metal-ligand interaction: Owing to the relativistically contracted valence shell and the low electrical charge, the Tl ? cation is intermediate in character between standard hard and soft cations and has an affinity for both hard [21] . This angular geometry of Tl as seen in compounds (1) and (2) results from the presence of a stereochemically active lone pair and is often found in Tl complexes [21, 22] . The Tl-O bond distances in (1) and (2) are identical and found to be 2.438(18) and 2.483(18) Å and 2.411(2) and 2.427(2) Å , respectively. The oxygen atom of the aminoalcohols is bridging in a l 2 fashion in (1) and l 3 in (2) due to additional coordination toward the barium ion. In this way, the oxygen and metal (Tl/Tl or Tl/Ba) atoms in both (1) and (2) occupy the vertices of a square plane M 2 O 2 oxometal core (Fig. 2) .
The coordination environment of the barium ion in (2) is multifaceted and less regular. Two equivalent [Ni(acac) 2 
dmae]
-units contribute one l 2 -oxygen each from both acac ligands and one l 3 -oxygen from the alcoholate in coordinating to Ba. The large coordination sphere of Ba is further satisfied by a bidentate acac ligand and a coordinated water ligand, thus giving the barium cation a coordination number of nine with a BaO 9 ligation set (Fig. 3c) .
The Ba-O(acac) bond lengths of the independently coordinated acac group of complex (2) 4 (dmae) 3 
(dmaeH).
Both dmae ligands behave in a similar manner, chelating Ni (through O, N) with further bridging to both Ba and Tl via a l 3 -O-atom. In this way, a single O-atom is involved in simultaneous bridging to three different metals. The remaining four acac groups are bidentate with respect to nickel but have an additional bridging bond to barium through one of the two oxygen centers. The ''bite'' angles [87.43 (7) (6) Ni (2)-O(7)-Ba (1) 90.89 (6) Ni (1)-O(2)-Tl (1) 113.32 (7) Ni (1)-O(9)-Ba (1) 89.60 (6) Ni (1) (1) and (2) showing the highlighted structural similarities between the core templates Thermal behavior
The thermogram of complex (1) (Fig. 4) Bulk oxide composite materials were obtained by the thermal decomposition of complexes (1) and (2) at 400°C for 4 h at a heating rate of 1°C/min in a ceramic crucible placed inside a temperature-programmed tube furnace. The powder obtained from complex (1) was analyzed using SEM/EDX and X-ray powder diffraction, while the powder obtained from complex (2) was subjected to SEM, EDS, XPS, AES and XRD analysis.
The XRD powder patterns of the decomposed product from (1) match well with a mixture of oxide species, Tl 2 O 3 in the form of avicennite [24] and NiO [25] . The metallic composition obtained by EDX analysis shows the elemental ratio of Ni:Tl as 1:0.97, close to their proportion in the precursor complex suggesting that the quantitative decomposition leads to the NiO/Tl 2 O 3 composite.
The powder X-ray diffraction pattern of composite material obtained from the pyrolysis of complex (2) shows the presence of three phases NiO, Tl 2 O 3 and BaCO 3 that are matched with the standard ICDD cards (Nickel Oxide, 44-1159), (Avicennite, 33-1404) and (Witherite, 45-1471), respectively (see supporting information).
The presence of different phases, elemental ratio and their distribution in the residue from complex (2) was studied by using XRPD and SEM/EDS analysis. The data of point-bypoint EDS analysis collected show the presence of Ba, Tl, Ni and oxygen at different locations. XRPD indicates the presence of NiO and Tl 2 O 3 phases, while barium oxide being unstable in open atmospheric conditions has been converted to barium carbonate due to absorption of atmospheric carbon dioxide. The presence of BaCO 3 in the residue has been further characterized by FT-IR and Auger electron spectroscopy. FT-IR studies show absorptions at 693, 856 and 1,462 cm -1 due to in-plane and out-plane CO 2À 3 bending and asymmetric C-O stretching vibrations, respectively, as reported earlier [26] . AES data at etching levels of 10, 50 and 100 nm show the presence of carbon, oxygen, nickel, barium and thallium with slight variation in atomic concentrations. The average atomic concentration in bulk powder sample was found to be C 1s 23.85, O 1s 51.06, N 2p 16.82, Ba 3d 5.64 and Tl 4f 2.65%.
The analytical studies carried out on the residues obtained from thermal decomposition of complexes (1) (1) and (2) (2), respectively. The insertion of barium in the prefabricated structure of heterobimetallic complex (1) provides an excellent route to the synthesis of an extended architecture of heterotrimetallic complex in a one-pot reaction.
Experimental section
All syntheses were carried out in a controlled atmosphere of argon gas using standard Schlenk tube and glove box techniques. Analytical grade toluene was purchased from Friedemann Schmidt and freshly dried and redistilled over sodium/benzophenone before use. N,N-dimethylaminoethanol was purchased from Merck and dried over anhydrous sodium carbonate. Ni(II)acetylacetonate, Tl(I) acetylacetonate and Ba(0) metal were the products of Fluka chemicals and used as such. Melting points were recorded on a Mitamura Riken Kogyo (MT-D) apparatus and are reported as such. Elemental analysis was performed using CHN Analyzer LECO model CHNS-932. Fourier transform IR (FT-IR) spectra were recorded as KBr disks with a Spectrum-1000 spectrometer from PerkinElmer. Magnetic measurements were made using a commercial model BHV-50 vibrating sample magnetometer, Perkin Denshi Co. (Ltd.), Japan.
Single-crystal diffraction data of complexes (1) and (2) were collected on a Bruker AXS SMART APEX CCD diffractometer at 100(2) K using monochromatic Mo-Ka radiation with omega scan technique. The unit cells were determined using SAINT? [27] , and the data were corrected for absorption using SADABS in SAINT? [27] . The structures were solved by direct methods and refined by full-matrix least squares against F2 with all reflections using SHELXTL [27, 28] . Refinement of extinction coefficients was found to be insignificant. All non-hydrogen atoms were refined anisotropically. Water hydrogen atoms in complex (2) were localized in the difference density Fourier map and have been restrained to have an O-H bond length of 0.9 Å within a standard deviation of 0.02. All other hydrogen atoms were placed in calculated positions. All hydrogen atoms were refined with an isotropic displacement parameter 1.5 times (methyl, water) or 1.2 times (all others) that of the adjacent carbon or oxygen atom.
Controlled thermal analyses of the complexes were investigated using a Perkin-Elmer Thermogravimetric Analyzer TGA-7 with computer interface. The measurements were carried out in an alumina crucible under an atmosphere of flowing nitrogen gas (25 ml/min), using a heating rate of 10°C/min.
Metallic elemental ratios for the ceramic residue from complex (1) were measured on an Inca-200 EDX analyzer from Oxford Instruments, UK. The SEM/EDS analysis of the residue from (2) was performed by scanning electron microscope marketed by TOPCON (ISI DS-130), Inc. of Paramus, NJ. EDS data in the form of spectra and elemental distribution maps were collected from the sample using a Si(Li) crystal detector manufactured by Gresham Scientific Instruments Ltd. of Buckinghamshire, UK, coupled with a multichannel analyzer interface manufactured by 4pi Analysis, Inc., which is resident in an Apple Macintosh Ò G4 workstation. The data were quantified using Revolution Ò software from 4pi Analysis, Inc., and the results are tabulated along with identifiers for each sample area evaluated.
The XPS spectra of the bulk surface were obtained by XPS surface analysis system Model DS800 manufactured by Kratos Analytical Plc of Manchester, UK. The XPS spectra were collected using a magnesium Ka X-ray source, 80 eV pass energy and 0.75 eV steps for each sample survey spectrum. The obtained spectra were plotted and used to generate estimates of the atomic and weight concentrations of the elements indicated by the peaks present in the spectral data. High-resolution spectra were collected for the major elements detected to study their chemical bonding structures. These were obtained at pass energy of 40 eV and in 0.1 eV steps. The high-resolution data were then peak fitted, plotted and tabulated to illustrate the chemical species present for each major element detected.
The AES spectra were obtained at the surface and etched at 10, 50 and 100 nm using a Model 660 scanning Auger surface analysis system manufactured by Physical Electronics USA of Chanhassen, MN. FT-IR data of the residues were collected using a Specac diamond reflectance cell and a Mattson 5,000 series spectrophotometer. Powder X-ray diffraction patterns were collected at room temperature using a PAN analytical, X'Pert PRO diffractometer with Cu-Ka radiation for complex (1) and a Bruker D8 Advance diffractometer with Cu-Ka radiation for complex (2) in reflective mode and open sample cups. The data were analyzed and fitted to the database patterns using the EVA Application 7.001 software of SOCABIM (1996) (1997) (1998) (1999) (2000) (2001) , distributed by Bruker AXS, Madison, WI.
